Virus-cell interactions are specific. The first step in virus propagation is attachment to the cell surface via recognition and binding to a receptor structure. PRD1 is a lipid-containing bacteriophage belonging to the class of donor-specific phages which infect cells only when IncP-, -N-, or -W-type plasmids are present. These plasmids encode the receptor structure, which is probably also involved in the process of DNA injection. The model system used to study PRD1-cell interactions is that of IncP-type conjugative plasmid RP4 (37) . The broad host range of RP4 provides the basis for the wide-host-range character of PRD1.
The RP4 DNA transfer system consists of two major complexes, (i) the relaxosome responsible for DNA processing during conjugation and (ii) the mating pair formation (Mpf) system involved in the establishment of contact between the donor and the recipient cell, production of pilus-like extracellular filaments, and maybe DNA transport (for reviews, see references 26 and 36) . These two complexes are likely to interact via an interface, the TraG protein (2, 15, 27, 43, 45) . PRD1 propagation requires only the Mpf complex; TraG is dispensable, as is the relaxosome (29, 43) . Eleven Tra2 core region genes (trbB to trbL) and the traF gene from the Tra1 region encode the Mpf complex. Knockout mutations in each of the Tra2 genes suggested that the Mpf genes are essential for intraspecific Escherichia coli matings. However, one of them, TrbK, a small cytoplasmic membrane lipoprotein, functions in entry exclusion of IncP plasmids and is not involved in DNA transfer (22, 24) or pilus production (23) . The hydrophobicity, leader peptide cleavage sites, and lipid signatures, i.e., cleavage sites for signal peptidase II, of the Tra2 proteins suggested that these proteins are likely to function in the cell envelope, probably by forming a membrane-spanning channel or pore (17, 18, 21) . It is conceivable that the receptor structure is just part of the Mpf complex, which appears to be multifunctional.
Bacteriophage PRD1 is composed of an outer protein capsid that encloses a protein-lipid membrane vesicle. The linear, double-stranded DNA genome resides inside the membrane (14) . The genome ends have 5Ј-covalently linked proteins and inverted terminal repeats (5, 40) . The viral genome is replicated via a protein-primed mechanism by a phage-specific DNA polymerase (16, 41) . The replication mechanism and the structural membrane component of the virus have attracted considerable interest in this phage, which infects a wide variety of gram-negative cells (for a review, see reference 4).
Phage genome transfection and electroporation experiments have shown that the plasmid-encoded functions in the PRD1 life cycle are only involved in attachment of the virus to its host and in the DNA entry process (19, 31) . A number of electron microscopic studies intended to describe the nature of the receptor have been carried out. The existence of both a pilus tip and a surface receptor has been suggested (8-10, 12, 13, 30) . The numbers of RP4-encoded receptors per cell have been estimated to be approximately 60 and 25 in Salmonella typhimurium and E. coli, respectively (25) . Electrochemical measurements with cells containing the Tra2 receptor-DNA transfer complexes showed increased outer membrane permeability (18) . Measurements carried out during PRD1 adsorption and DNA entry revealed that the DNA transfer process, but not adsorption, led to increased outer membrane permeability of lipophilic compounds and to leakage of potassium ions through the cytoplasmic membrane. During the DNA transfer process, however, the integrity of the cytoplasmic membrane is retained and no depolarization took place (17) .
Characterization of different phage mutants revealed that the receptor structure is recognized by a minor phage membrane-associated protein, P2 (33) . At least three phage structural proteins (P11, P16, and P18) are involved in DNA entry (33) . The involvement of the phage membrane in DNA injection has been suggested (30) . Virus disruption studies (3) revealed that DNA release from the particle is associated with the transformation of the spherical viral membrane into a tube. The absence of protein P18 prevented this. Protein shells that have injected the DNA stay associated with the host cell surface throughout the infection cycle (30) .
In this report, we describe the isolation and analyses of spontaneous PRD1-resistant mutations mapping in the RP4 Tra2 region. Most of them were phenotypically transfer deficient, and the transfer frequency of the few Tra ϩ mutants was significantly reduced. This strict coupling between phage resistance and transfer deficiency provides further evidence that surface structures functioning in conjugation are also utilized for the process of phage infection.
MATERIALS AND METHODS
Bacteria, phages, and plasmids. The E. coli strains used in this study were HB101 (7), the nalidixic acid-resistant derivative of HB101 Nx r , and JE2571 (leu thr thi lacY thy pil) (11) . Cells were grown in LB broth (39), except for HB101, which was grown in YT medium (39) buffered with 25 mM morpholinepropanesulfonic acid (MOPS; pH 8.0) and supplemented with 0.1% glucose and 25-g/ml thiamine. When appropriate, antibiotics were added as follows: ampicillin, 100 g/ml; chloramphenicol, 10 g/ml; kanamycin, 30 g/ml; nalidixic acid, 30 g/ml. Phage PRD1 (35) was propagated on S. typhimurium DS88 as described previously (6).
14 C-labelled PRD1 was grown and purified as described in Kotilainen et al. (25) . The specific activity obtained was 4 ϫ 10 Ϫ6 to 6 ϫ 10 Ϫ6 cpm/PFU. The plasmids used in this study are listed in Table 1 . DNA techniques. Standard molecular cloning techniques were performed as described by Sambrook et al. (39) . For construction of the plasmids used for complementation analysis, appropriate DNA fragments of the Tra2 region were obtained by restriction endonuclease digestion or by PCR amplification in the presence of 7-deaza-2Ј-deoxyguanosine triphosphate (32) . Isolated DNA fragments were inserted into a suitable vector ( Table 1) .
Isolation of phage-resistant mutants. Spontaneous PRD1-resistant mutants were isolated by plating an excess of phages on JE2571(pML123, pWP471) cells. Emerging colonies were picked from 10 independent experiments, and three subsequent single-colony purifications were performed. The phage sensitivity of these isolates was determined as described below. The plasmid content of the phage-resistant mutant strains encoding the receptor complex was confirmed by restriction enzyme analysis of the isolated plasmids.
Phage sensitivity and adsorption tests. Phage sensitivity was determined by cross-streaking bacteria over a PRD1 streak on LB plates and by the standard phage plaque assay. For the adsorption test, cells were grown to late logarithmicearly stationary phase (approximately 2 ϫ 10 9 CFU/ml) in LB broth. 14 C-labelled PRD1 was adsorbed to cells by using a multiplicity of infection of approximately 10 (25) . After 15 min of incubation at 24°C, cells were collected by centrifugation and washed twice with LB broth. Radioactivity was determined in the cell and supernatant fractions.
Conjugations. Conjugations were performed by cross-streaking donor and recipient cells on YT agar plates containing antibiotics for selection of transconjugants. Quantitative filter matings were done as described by Haase et al. (24) . a RP4 coordinates were taken from GenBank/EMBL (accession number L27758). b The construction of pML123mtrbX000 MURFI linker mutants is described in reference 24.
c The nucleotide sequence of the KpnI-XbaI adapter used was as follows:
CTAGCGTAGT CATGGATCGCATCAGATC d The PCR primers used for amplification of traF were CGTACTGGTACCTAGAAATAATTTTGTTTAAC and CCGTACGAATTCAGCGATTACAAG GCGTTC.
e The PCR primers used for amplification of trbE were TTTTTGAATTCGCATGCCTGCAGGTCGACTC and TTTTTAAGCTTCTGCAAAACTCATGCT GCCTCC.
f The nucleotide sequence of the KpnI-XbaI linker regenerating the multiple cloning site was as follows:
CCGGGGATCCTCTAGAGTCGACCTGCAGGCATGCAAGCTTC CATGGGCCCCTAGGAGATCTCAGCTGGACGTCCGTACGTTCGAAGGATC
In short, cells were grown to 2 ϫ 10 8 CFU/ml. Donor and recipient cells were mixed at a 1:10 ratio and collected onto a Sartorius nitrocellulose filter (0.45-m pore size, 25-mm diameter). The filter was incubated for 1 h at 28°C on a nutrient agar plate without selection. After this, cells were resuspended and transconjugants were selected on YT agar plates containing kanamycin and nalidixic acid.
Mapping of phage-resistant mutations. Mutations were mapped by genetic complementation analysis. HB101 cells harboring a derivative of plasmid pWP471 containing an appropriate portion of the Tra2 region (Table 1; see Fig. 2) were transformed with potential pML123 mutant plasmids. Two phenotypes were studied, i.e., phage sensitivity and conjugation ability.
DNA sequencing. The nucleotide sequences of defined regions of selected pML123 mutant plasmids were determined. The sequencing reactions were performed with Thermo Sequenase (Amersham) and analyzed by an automated laser fluorescent DNA sequencer (Pharmacia Biotech).
Analysis of protein patterns. Phage-resistant cells were grown in LB broth to 2 ϫ 10 8 CFU/ml. Expression of Trb proteins was induced by a 1 mM final concentration of IPTG (isopropyl-␤-D-thiogalactopyranoside) for 4 h, after which cells were collected by centrifugation and resuspended in 0.3% sodium dodecyl sulfate-3% glycerol-48 mM ␤-mercaptoethanol-0.67 mM Na 2 EDTA-17 mM Tris-15 mM NaH 2 PO 4 , pH 7.8. The samples were boiled, and the protein content of the cells was analyzed in sodium dodecyl sulfate-polyacrylamide gels as previously described (34) .
RESULTS
Isolation of phage-resistant mutants. Spontaneous PRD1-resistant mutants were isolated by plating an excess of PRD1 on lawns of cells containing the RP4-derived Mpf structure, the phage receptor. In the E. coli host strain used, the genes required for phage propagation, the Tra2 core region and the traF gene, are encoded by recombinant plasmids pML123 and pWP471, respectively. The PRD1 resistance of 507 isolated mutants (originating from 10 independent experiments) was tested as described in Materials and Methods. Antibiotic-sensitive isolates were discarded. The plasmid content and restriction endonuclease pattern of the remaining 429 PRD1-resistant mutants were analyzed. All deletion derivatives, detectable by agarose gel electrophoresis, were discarded. The number of mutants was reduced to 313 at this point. To distinguish between possible host chromosomal mutations and plasmid-based mutants JE2571 cells were transformed with each of the isolated 313 plasmid DNAs. Six of the mutants were found to be potential host cell mutants (to be described elsewhere) on the basis of the phage sensitivity test.
RP4-specified functions needed for PRD1 propagation are restricted to receptor formation and DNA penetration (19, 31) . Thus, phage-resistant host mutants should be unable to support either PRD1 adsorption or DNA entry. To distinguish between these phenotypes, the possible presence of a functional phage receptor in the remaining 307 mutants was determined by an adsorption assay using radioactive phage. None of these mutants adsorbed the phage. One hundred forty-five of these strains were used to score PRD1 receptor binding protein mutants (P2) (33) that could potentially bind to an altered receptor by plating 3 ϫ 10 12 phages on lawns of the resistant bacteria. No plaques were detected.
Phage-resistant mutations are distributed among the trb genes of the Tra2 core region. To map the mutations, a trans complementation analysis for phage-resistant mutants was carried out. Appropriate complementation strains, containing the wild-type traF gene and the complementing portion of the Tra2 region in one vector plasmid (Table 1 ; see Fig. 2 ), were transformed by pML123 plasmids isolated from each of the mutants. The transformed strains were used in the phage sensitivity test.
The strategy of the complementation analysis involved five discrete stages (Fig. 1) . (i) The question was asked whether the mutations reside in plasmid pML123 (Tra2 region) or pWP471 (traF gene). A mixture of plasmids pML123 (Cm r ) and pWP471 (Ap r ) from each mutant strain was used to transform JE2571. Since selection was provided for chloramphenicol resistance only, the transformants obtained carried only one of the two plasmids, the pML123 derivative. Plasmid DNA was then isolated from the JE2571(pML123) derivatives and introduced by transformation into cells containing the wild-type traF gene, JE2571(pWP471). The PRD1 resistance of the resulting strains indicated that in each mutant the mutation was located in the Tra2 region (pML123).
(ii) The mutations were then mapped to defined sections of the Tra2 core region. To achieve this, two Tra2 deletion derivatives (pJH123⌬2 [trbB-trbH traF] and pJH123⌬3 [trbB-trbE traF], Table 1 and Fig. 2 ) were used. In these constructs, the Tra2 section was cloned upstream of the traF gene in plasmid pWP471. To verify the complementation capacity of these constructs, they were tested in the phage assay by using the MURFI linker mutants described by Haase et al. (24) . Both deletion clones were able to complement each of the mutant trb genes covered by the clone, except for the mutant trbB gene (pML123mtrbB5), which was not complemented by pJH123⌬3. Phage-resistant mutants could be divided into three groups: (i) the mutations which are complementable by pJH123⌬3 and are supposed to map between genes trbB and trbE, (ii) mutants which are complementable by pJH123⌬2 but not by pJH123⌬3 and carry the mutation in trbF-trbH, and (iii) mutants which are noncomplementable by pJH123⌬2 and may map between trbItrbL or have multiple mutations (Fig. 1) .
(iii) Within each of these three groups, the mutation was localized to a single gene. Single trb genes were introduced into vector plasmid pMG471 or pWP471, both of which contain the wild-type traF gene. Most of the separately cloned trb genes The assignment of the mutation to a single gene was based on the capability of separately cloned trb genes to complement mutant pML123 plasmids. In mutants containing multiple mutations, the defined one was mapped by complementation analysis by using two additional Tra2 deletion clones (see Results). In some mutant isolates, the mutation could not be mapped by the trans complementation analysis. To determine whether these isolates are plasmidbased mutants, the Mpf protein pattern of the mutant cells was analyzed (see Results). (24) in the phage assay, with the exception of trbB, trbC, and trbH. The reason for this is unclear, but it seems that these genes, when supplied in trans, do not produce the active receptor structure. Thus, in addition to the phage sensitivity test, another assay, based on conjugation ability, was used to map mutations in trbB, trbC, and trbH. In a three-plasmid assay system, the HB101 donor cells carry Tra1 plasmid pVWDG23110⌬0.2 (pMB1 replicon; Km r ), which contains the origin of transfer (oriT), and each of the Tra1 genes needed for intraspecific E. coli matings. The second plasmid provided the complementing trb gene in vector pMS67 (RSF1010 replicon, Ap r ) ( Table 1) , and the third plasmid was the mutant pML123 plasmid (ColD replicon; Cm r ). Complementation of the mutation in pML123 by a single trb gene enables the transfer of pVWDG23110⌬0.2 to the recipient strain HB101 Nx r . The mutation in 215 (of the 307) mutants was mapped to a single gene by using either the phage assay or the conjugation test. For each of the trb genes, at least one mutant was mapped, except for trbK (Table 2 and Fig. 2) .
(iv) After screening of all of the mutants for these two phenotypes, 92 mutants remained which did not fall into any of the 11 complementation classes (in any single gene). Sixty-two of them were complemented by Tra2 deletion clone pJH123⌬2 (trbB-trbH traF; Table 1 and Fig. 2 ). Since these mutants were not complementable by any single trb gene, they most probably carry double or multiple mutations. To further define the limits of the region containing one of the mutations in these clones, two additional Tra2 deletion derivatives were used for complementation analysis (pJH123⌬2.1 and pJH123⌬2.2; Table 1 and Fig. 2) . Two of the mutants were complemented by pJH123⌬2 (trbB-trbH traF) but not by pJH123⌬2.1 (trbB-trbG traF). Thus, these two mutants must have the mutation in trbH and possibly in another trb gene between trbB and trbG. Eleven of the mutants fell into a second class in which trbG and, in addition, another trb gene upstream of it must be mutated. These mutants were complementable by pJH123⌬2.1 (trbB-trbG traF) but not by pJH123⌬2.2 (trbB-trbF traF) or pMG62 (trbG traF). Of the 62 mutants, 49 were complemented by pJH123⌬2.2 (trbB-trbF traF) but not by pJH123⌬3 (trbB-trbE traF) or pMG47 (trbF traF). Among these 49 mutants, trbF must be defective in addition to trbB, trbC, trbD, or trbE or any combination of these.
(v) One class of mutants was not complementable by any of the Tra2 clones used in this study. To decide whether these 30 noncomplementable mutants carry a mutation in an Mpf structural gene and not, for instance, in the promoter region, the expression of the Tra2 gene products was analyzed. Five of the Tra2 gene products (TrbB, -E, -F, -G, and -I) are easily visible in Coomassie blue-stained protein gels when they are overexpressed from plasmid pML123 (24) . In each of the 30 remaining mutants, at least one of these Tra2 proteins was observed in extracts of induced cells (data not shown). The nomenclature for the phage-resistant mutants (prm) was as follows. The mutant plasmids were named pML123 prmtrbX000, where trbX is the mutated trb gene and 000 is the number of the mutant isolate.
The functions needed for RP4 transfer are also needed for PRD1 DNA entry. The RP4 Tra2 core region has been defined previously by deletion analysis. Ten Tra2 region genes were found to be essential for RP4 transfer (24, 29) . To determine the transfer proficiency of the PRD1-resistant mutants, mating experiments were carried out by using a two-plasmid system. The donor cells (HB101) carry Tra1 plasmid pVWDG 23110⌬0.2 (pMB1 replicon), which contains the transfer origin (oriT), including all of the Tra1 genes needed for transfer. Plasmid pML123 provides the Tra2 core region to enable transfer of pVWDG23110⌬0.2 to the recipient strain HB101 Nx r . All phage-resistant Tra2 mutant derivatives of pML123 were tested for transfer ability by cross-streaking donor and recipient cells on a selective agar plate. Most of the mutants were found to be transfer deficient, since no transconjugants were obtained. Three of the 307 mutants were, however, transfer proficient. The transfer frequencies (determined by filter mating) of these mutants varied from 6 ϫ 10 Ϫ6 to 7 ϫ 10
Ϫ4
transconjugants per donor cell, the wild-type frequency being 3 ϫ 10 Ϫ1 (Table 3 ). In each of these cases, the transfer frequency was reduced significantly compared to that of the wild type but was clearly above the detection level. The mutations in these derivatives map to three different trb genes, trbI, trbJ, and trbL.
Phage-resistant, transfer-proficient mutations contain small deletions and insertions. By using genetic complementation analysis, the mutation could be mapped to a single gene in most of the mutant isolates. To define the mutation at the nucleotide level, sequence analysis of selected phage-resistant mutants was carried out. The three isolated phage-resistant strains carrying the mutant Mpf-receptor complex still supporting conjugative DNA transfer (see above; Table 3 ) but not phage propagation were selected for this analysis. In five mutants (prmtrbJ181, prmtrbI189, prmtrbL228, prmtrbI274, and prmtrbL299), the mutated gene had an in-frame deletion of varying length, leading to an internally truncated protein, and one mutant (prmtrbJ259) contained nine additional base pairs, resulting in a three-amino-acid insertion in the C-terminal part of the mutant protein (Fig. 3) .
trbK, encoding the entry exclusion function of RP4, is the only gene of the Tra2 region which is not essential for PRD1 adsorption and DNA penetration. The smallest gene product of the Tra2 core region, TrbK, was found to be dispensable for RP4-mediated DNA transfer (24) . Instead, trbK was shown to encode a potent inhibitor for the entry of an IncP plasmid when present in the recipient (entry exclusion; 22, 24). The protein was originally thought to contribute also to PRD1 propagation and pilus synthesis, although cells containing the knockout mutant mtrbK9 were found to adsorb PRD1 (24) . Here, however, we show that TrbK is dispensable for PRD1 propagation. Plaque formation in the absence of TrbK is host strain dependent. HB101, but not JE2571, cells containing pML123mtrbK9 and pWP471 could propagate PRD1 as well as the corresponding wild-type cells could (Table 4 ). This inability of JE2571 cells to support plaque formation was observed only when the cells contained large amounts of TraF (Table 4) . Thus, the product of the trbK gene seems to stabilize JE2571 cells when large amounts of TraF are present. Also, none of the 307 PRD1-resistant mutants had a mutation localized within trbK.
DISCUSSION
Recombinant DNA techniques enable targeted mutagenesis to introduce base substitutions, deletions, and insertions. This approach requires information about the functional regions in the protein of interest. The conventional isolation of mutants on the basis of phenotypic properties gives a way to directly select mutations affecting function. The previous mutational analysis of the RP4 Mpf complex proteins using knockout mutants identified the essential components needed for conjugal transfer (24) . These defined Tra knockouts also led to phage resistance. In our present work, we took a different approach to analyzing the Mpf complex, i.e., to select mutations leading to phage resistance and then defining which of the Mpf proteins were affected. This also gave us an opportunity to identify the nature of the mutation in the nonfunctional protein. The finding that the PRD1-resistant mutants were essentially transfer deficient further indicates that the Mpf complex possesses multiple functions. As only 3 of the 307 phage-resistant mutants were weakly transfer proficient, con- jugation ability is tightly coupled to donor-specific phage sensitivity. The distribution of the PRD1-resistant mutations among all Tra2 region Mpf genes supports the argument that the Tra2 gene products interact with each other, forming a multiprotein complex which functions as a phage receptor. In each mutant isolate, the mutation affected an Mpf structural component and no regulatory mutants were obtained. This indicates that these trb genes have an essential role in the assembly and function of this cell envelope-surface structure. The Mpf mutations were not randomly distributed. Mutations in genes trbB, trbD, trbF, trbH, and trbI were underrepresented (0.1 to 0.3 times the expected number).
None of the mutants adsorbed PRD1; thus, mutants defective in DNA entry were not obtained. The reason for this might be (i) that if any one of the Mpf complex proteins is mutated, the receptor protein cannot be correctly assembled or (ii) that PRD1 uses the Mpf complex only for host attachment and not for DNA injection or penetration. The electrochemical characteristics of the Mpf complex (17, 18) favor the first suggestion. We also searched for extragenic suppressor mutations in the phage binding protein, which would compensate the receptor mutation and thus restore the phage-receptor interaction. No such phage mutants were detected, even when the resistant cells were exposed to a high number (3 ϫ 10
12
) of infective phage particles. This implies that no receptors are present on the surface of the resistant bacteria, again suggesting that no functional Mpf complexes were assembled.
Many phage receptors are outer membrane proteins or surface proteins associated to the cell envelope via interaction with a membrane protein. The mutation leading to PRD1 resistance may affect the function or structure of the phage receptor protein itself or the assembly of the Mpf complex. This makes it more difficult to identify the receptor protein(s). However, the protein(s) directly interacting with the phage has to be exposed to the cell surface. Amino acid sequence alignment of the predicted Tra2 polypeptides revealed potential protein export signal sequences, suggesting export of TrbC, TrbG, TrbH, TrbJ, TrbK, and TrbL across the cytoplasmic membrane (28) . Signal peptide cleavage has been demonstrated experimentally for each of these proteins (22, 24, 29) . TrbH exhibits a cleavage site characteristic for an outer membrane lipoprotein (20, 44) , which makes it a possible receptor candidate. Other Tra2 proteins contain potential helical transmembrane segments, so that these Mpf components are likely to be integral membrane proteins. A considerable number of mutations mapped to a small Tra2 region gene, trbC. This Tra2 gene has been suggested to encode the RP4 pilin subunit on the basis of amino acid sequence comparison with the prepilin of the F plasmid, TraA (1, 42) . Considering these observations, TrbC is an attractive candidate for the PRD1 receptor protein.
None of the mutations mapped to trbK, which encodes a hydrophilic cytoplasmic membrane lipoprotein (22, 28) , supporting the idea that TrbK is nonessential for PRD1 propagation. This is also in agreement with the notion that TrbK is the entry exclusion factor of RP4 (22, 24) . The mutations in trbE and trbL were well represented, which might imply that they are central functional and structural components of the Mpf complex. However, as all of the mutants were not sequenced we cannot exclude the possibility of sibling isolates; thus, a true numerical analysis of the distribution of the mutations cannot be carried out. TrbL contains a number of transmembrane helices in its N-terminal half (23; Fig. 3 ). Thus, TrbL is likely to be an integral membrane protein. In contrast, TrbE possesses amphiphilic rather than strictly hydrophobic regions (23) , which might form some sort of a pore structure similar to those found in outer membrane porins. In addition, TrbE contains a consensus sequence for a nucleotide binding motif (28) . Therefore, it is supposed to be active in positioning other Mpf components, to assemble the receptor complex, or in energizing the assembly process.
PRD1 resistance and conjugation deficiency of the selected mutant isolates was found to be based on deletions and insertions. Obviously, the strong selection of phage resistance supports even considerably large deletions. An interesting observation is that none of the sequenced mutations are in regions predicted to be responsible for the membrane localization of the protein but are located in regions supposed to have functional relevance. This collection of Mpf mutations deficient in the complex functions obtained in this study is a rich source of information for our future structure-function and assembly studies.
